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ABSTRACT
Plant derived biogenic volatile organic compound (VOC) emissions contribute to
secondary emissions of molecules such as ground level ozone (O3) and PM 2.5
which are known to be harmful to the environment and negatively impact
human health. Currently, most known biogenic VOC emissions are from vascular
plants like trees and economically significant crops. Air quality models use
known emission rates from these measurements and have many unknown
sources yet to identify. Unknown values of emissions occur due to a lack of
measurements of a wider variety of plants, especially that of smaller and lesser
studied species of bryophytes; mosses. This experiment aimed to provide
previously unmeasured flux values of isoprene and monoterpenes from four
common moss species; Antitrichia californica, Dicranoweisia cirrata, Polytrichum
juniperinum, and Racomitrium canescens. Fluxes of isoprene between species
were shown to vary significantly while monoterpenes had similar flux values
across species. Isoprene flux of P. juniperinum was significantly higher, 656.80 ±
335.0 (μg/h/m² ± SD), than the other three species and would not be recommended
for purposeful cultivation on green infrastructure like ecoroofs.
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INTRODUCTION
The air we breathe consists of a myriad of gases and small particles; much of
which is necessary for sustaining life (Fehsenfeld et al., 1992). Identifying
airborne compounds and how much is exchanged between the biosphere and
atmosphere can provide us a lot of information to help answer many questions
important to a broad range of disciplines within the scientific community but also
to society as a whole (J. Lin et al., 2019). One of the most pressing challenges we
face, climate change, necessitates the development of methods to identify new
sources of biogenic volatile organic compounds (VOCs), like isoprene and
monoterpenes from plants (Guenther et al., 2012; Hidalgo et al., 2008; Fehsenfeld
et al., 1992; daSilva et al., 2018; Ghirardo et al., 2016 ). Approximately 1 billion
metric tons of carbon in the form of non-methane VOCs are emitted into the
atmosphere each year (Fehsenfeld et al., 1992; A. Arneth et al., 2008).
Isoprene and monoterpenes are only two of the many non-methane VOCs that
drive global tropospheric chemistry and are major players in the global carbon
cycle. The greatest anthropogenic sources of these hydrocarbons come from the
combustion of fossil fuel, industrial processes, and wastes (Hidalgo et al., 2008).
In addition to the emissions from human activities, natural processes such as
biomass decomposition, seasonal fluctuations, and temperature dependent
metabolism contribute to the total flux of hydrocarbons as VOCs into the
atmosphere (Fehsenfeld et al., 1992; Pio et al. 1994; Guenther et al., 2012).
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About half of all of those emissions are two molecules that play a key role in
formation of air pollutants; isoprene (2-methyl-1,3-butadiene, C5H8) and
monoterpenes (large group of diverse molecules comprised of two isoprene units)
(Fehsenfeld et al., 1992; Guenther et al., 2006; Sharkey et al. 2008). These VOCs
contribute to the formation of hazardous air pollution like secondary organic
aerosols (SOA) and ground level ozone (O3). This occurs when isoprene and
monoterpenes act as reducing agents in photo-oxidative chemical reaction cycles
with NO and NO2 - together known as NOx - concentrations and temperature
increase (Fehsenfeld et al., 1992). High NOx conditions as well as elevated
temperatures are often found in densely populated urban areas (DeSilva et al
2018, Ghirardo et al. 2016). Isoprene makes up the largest portion of the
hydrocarbon emissions driving many climate models (Fehsenfeld et al., 1992;
Guenther et al., 2006, Simon et al., 2019). Most plant based biogenic VOC research
efforts focus on isoprene for this reason, however, in some plant species,
monoterpenes have been shown to make up the majority of VOC emissions
especially from trees in coniferous forests (Arneth et al., 2008; Pio et al. 1998).
Many studies of VOC emissions are of trees and their leaf and resin emissions
(Ghirardo et al, 2016; J. Lin, et al. 2019; Niinemets et al., 2010; Pio et al., 1994;
Simon et al. 2019). Since monoterpenes make up a significant portion of total
VOC emissions it is important to characterize and further identify unknown
sources of isoprene and monoterpene fluxes (Arneth et al., 2008; Guenther et al.,
2012; J. Lin, et al. 2019). Yet, the atmospheric impacts of plant derived VOC
4

emissions are still poorly understood and a large portion of that missing data
comes from unknown urban emission sources (Arneth et al., 2008; J. Lin, et al.
2019).
Current environmental engineering efforts to mitigate damages caused by
anthropogenic emissions have become increasingly backed by policy makers and
city planners yet poor air quality, especially high PM2.5 still contributes to
millions of deaths worldwide (MacMullan et al., 2009; Simon et al., 2019). Many of
these technologies promoted as “green infrastructure” - street trees, hedges,
bioswales, green walls, and ecoroofs - are implemented to meet governmental
health-based standards and work towards limiting the impacts of climate change
based on the idea that plants remove pollutants and small particles from the air
(Hewitt et al., 2020). A common green mitigation strategy that has been widely
used and backed by sustainable policy is ecoroofs. In cities such as Portland,
Oregon policies like The Central City 2035 Plan (Policy Chapter 6.4 - Green
Infrastructure) calls for increasing green infrastructure with ecoroof installations
on new buildings. Ecoroofs are typically made up of layers of waterproofing
membranes, rock or soil substrate for plants to root into, and a variety of plant
species. Ecoroofs have been shown to reduce urban heat island effect and help
mitigate damages from storm water runoff by reducing storm surge flows (AK et
al., 2018; Chang et al., 2021, MacMullan et al., 2009; Murphy, 2015). Although an
ecoroof’s potential for pollution mitigation is often quantified by temperature
regulation and stormwater management benefits, less is understood about role
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they may play in local air quality (Berardi et al., 2013 ; Ramasubramanian et al.,
2021; Scharf & Zluwa, 2017).
Many recent air quality experiments have investigated common house plants and
their capacity to clean indoor air, a hypothesis which has been shown to be
overestimated and questionable as a viable option for indoor air pollution
reduction (Abbass et al., 2017; Cummings & Waring, 2020). Few studies have
examined VOC emissions from ecoroofs. Common ecoroof plants found in most
geographic locations include sedums and mosses. They are attractive options for
urban rooftops because they are low growing, aesthetically pleasing, and require
low maintenance due to their ability to survive extreme temperatures and
drought conditions (AK et al., 2018; Anderson et al., 2010; Beraldi et al., 2019).
There are many physiological differences between sedums and mosses and how
they might function within an ecoroof system therefore providing “ecosystem
services” like resisting the flow of water runoff from the building into the local
water system (AK et al., 2018; Anderson et al., 2010; Beraldi et al., 2019, Schroll et
al., 2011). Unlike sedums who take up water with their roots and hold it in their
leaves, mosses are non-vascular and absorb their water directly into their cells
via osmosis, thus acting like a sponge retaining water upon contact. The waxy
cuticle of sedums, however, work well to hold water inside the leaf but aren't
holding onto much water over time. This absorbing property of moss has made it
particularly interesting to researchers working on plant based stormwater
management systems (Anderson et al., 2010; Schroll et al., 2011)).
6

Mosses are the most ancient fully terrestrial plant species and one of the most
diverse comprising approximately 13,000 different species. Despite their
diminutive size, mosses are earth's most phylogenetically basal group of land
plants occurring in nearly all terrestrial ecosystems and thriving in some of
Earth’s harshest environments. Only a handful of species have been closely
studied and uncertainty in VOC emissions exist in their magnitude, variability,
response to environmental drivers, metabolic requirements and their interplay
with other organisms (Hanson et al., 2009; Rosenstiel et al., 2012; Vicherová et al.,
2020). Most early research in VOCs was from vascular plants and that trend
persists with surprisingly few empirical studies on VOC emissions from mosses
(Hanson et al., 2009; Vicherová et al., 2020).
Observations show that plant emissions can either reduce or increase levels of
secondary air pollutants depending on a number of factors, especially that of
chemical concentrations of the VOCs present (Hewitt et al., 2020). Although
ecoroofs might be designed with the best intentions for mitigating urban
pollution, it is important to identify high VOC emitting plant species utilized by
green infrastructure like ecoroofs to avoid being an ecosystem disservice by
reducing local air quality where reactive NOx levels are elevated (Abbass et al.,
2017; Cummings et al., 2020; daSilva et al., 2017; Ghirardo et al., 2015; Hewitt et
al., 2020).
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RESEARCH QUESTION
This thesis details a cross-disciplinary experimental method that was developed
for characterization of VOC emissions from plants using high-throughput Proton
Transfer Reaction - Time of Flight - Mass Spectrometry (PTR-ToF-MS). To quantify
the amount of VOCs that might be emitted by ecoroofs, empirical measurements
with a PTR-ToF-MS are used to quantify concentrations of VOCs by plant species.
Averaging the chemical mass concentrations of isoprene and monoterpenes over
time allows for the determination of emissions rates (mass per time - M/T) and
fluxes (mass per time per area squared - M/T/A²) (Brenton & Godfrey, 2010;
Materic et al., 2015).
Can this experimental method be used to determine isoprene and monoterpene
emissions flux from common rooftop mosses? In order to identify high emitting
moss species to avoid growing on ecoroofs, I empirically measured VOC
concentrations over time to determine which mosses might contribute to the total
flux of isoprene and monoterpene emissions. I predicted that the highest emitting
species would be Polytrichum juniperinum protonema based on previous
unpublished observations of elevated isoprene emissions measured with
Reduced Gas Detector (RGD2, Trace Analytical, Menlo Park, CA) (Deakova, 2019).
Either P. juniperinum is an unusually high emitter or other mosses are also
similar and might be unknown sources of high isoprene fluxes.
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MATERIALS & METHODS
For this experiment, field collected patches of moss gametophyte tissue of
Antitrichia californica, Dicranoweisia cirrata, Polytrichum juniperinum, and
Racomitrium canescens were planted (4 replicates per species) in 100 g of perlite
and peat moss substrate in polypropylene pots (0.1143 m diameter, 0.1016 m
deep). All moss pots were acclimated in a greenhouse with the same ambient
temperature and natural day light conditions with daily watering for
approximately one month before experimental measurements were collected. A
high-throughput dynamic air flow sampling method was used to determine moss
VOC emission concentrations over time. The high mass resolution power and
sensitivity (> 200 cps/ppbv) of a PTR-1000 (IONICON PTR-TOF-MS - Trace VOC
Analyzer) was utilized to receive a steady rate of air flow through a custom high
throughput “chamber-in-chamber” setup (Fig. 1, Fig. 2), allowing for an efficient
and accurate estimate of VOC flux from an array of small biological samples in
chambers. Each inner chamber flowed to the PTR-ToF-MS separately with an
automated eight port selector. A simplified flow schematic is shown in Fig. 1.
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Fig 1. Simplified schematic representation of chamber in chamber air flow system.

EXPERIMENTAL CONDITIONS
The chamber-in-chamber system consisted of an array of 8 (7” tall and 7”
diameter) round clear chambers allowed for sampling 7 pots and 1 empty
chamber (background air, C0) per set (Fig 2). All 8 inner chambers were exposed
to the same controlled light (approx 1000 µmol/s/m^2) and temperature (25°C) as
well as ambient CO2 (~ 500 ppm) and RH (< 80%) conditions. Controlled conditions
were monitored with three HOBO Micro Station Loggers (model 2H21-002) placed
around the perimeter of the eight inner chambers with two on the floor of the
chamber and one elevated to the same height as the inner chambers (7’’). The
average of the three was used to determine the approximate temperature and RH
of the chamber conditions. The ambient CO2 was measured with a LICOR CO2 gas
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sensor (LI-840A CO2/H2O Gas Analyzer) at the PTR-ToF-MS inlet. The LED lamps
produced enough heat to raise the temperature above the target temperature so
the air cooling unit was used to keep the temperature stable at 25°C for the
entirety of the experiment.

Fig 2. Photo of PTR-ToF-MS attached to “chamber-in-chamber” system.

PROCEDURE
For these experiments, the PTR-ToF-MS drift tube conditions were set to a
multiplier voltage of 600 V, temperature of 60 °C, and 2.2 mbar pressure. The
PTR-ToF-MS was operated at an E/N value of 135. Environmental chamber flow
sampling lines started at an air pump inside the environmental chamber, where
the ambient lab air was pumped through a charcoal filter before reaching the
experimental chambers housing the moss. All flow sampling lines were made of
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PFA tubing (1/4"OD, 0.047"ID).
Moss pots were loaded into each of the seven inner chambers and placed below
the lamps as close together as possible for even lighting exposure. Chamber
conditions were set up and allowed 30 minutes mixing time to reach steady state
before commencing the acquisition of data. Flow rates in each chamber were
adjusted and recorded. The target flow rate for each chamber was 100 standard
cubic centimeters per minute (SCCM).
Each of the moss and substrate samples were scheduled to be measured at the
same time of day for consecutive days. We chose the morning and were able to
measure 6 moss samples (1 empty chamber for background, 1 for just substrate, 6
moss samples) for each set for thirty minutes. Each chamber was sampled for 3
minutes collecting data at 1 cycle/sec. The acquisition data was then saved and
ready for mass spectra analysis and spectral peak integration.

ANALYTICAL METHODS
The data was first analyzed using PTR-MS Viewer V 3.2.8 where a set of spectra
peaks are selected for integration and exported as a list of compounds with
concentration values in parts per billion (ppb). The mean and standard deviation
for each mass’s molecular weight (MW) was converted from concentrations in
ppb to micrograms per unit volume (μg/m³) (Eq. 1). The concentration of isoprene
was determined by using the molecular weight (MW = 69.07043) minus one
proton (H+ = 1 amu) for 68.07043 g/mol. The concentration of monoterpenes was
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determined by summing the masses for C10H16 (137.1325 g/mol) and the fragment
C6H8 (81.07043 g/mol) as suggested by analytical method described in similar
analyses (Materic et al., 2015).
(1)
μ𝑔
3

𝑚

= 𝑚𝑎𝑠𝑠 𝑐𝑜𝑛𝑐 (𝑝𝑝𝑏) × 12. 187 × 𝑀𝑊 × 273. 15 + 𝑡𝑒𝑚𝑝 (℃)

Assuming constant atmospheric pressure (P = 1 atm) and temperature (T = 25 ℃),
the following simplified expression (Eq. 2) can be used.
μ𝑔
3

𝑚

= 𝑚𝑎𝑠𝑠 𝑐𝑜𝑛𝑐 (𝑝𝑝𝑏) × 24. 45 × 𝑀𝑊

(2)

To determine the emission rate, the following differential equation is used as the
model for mass balance, since the flow rate 𝑄(m³/h) in Eq. 2 is used to derive the
emission rate equation assuming the change in concentration over time is steady
where the concentration over time in the chamber volume, 𝑉(m³) we can set it
equal to zero as shown in Eq. 3.

𝑉

𝑑𝐶
𝑑𝑡

= 𝑄 (𝐶0 − 𝐶) + 𝐸

(3)

𝑉

𝑑𝐶
𝑑𝑡

= 0 and (𝑄 𝐶0) − (𝑄 𝐶) + 𝐸 = 0

(4)

The amount of air flow per volume is called the air exchange rate, λ (h^-1) and is
used in the simplified expression shown in Eq. 6 for a final emission rate, E (μg/h).

λ=

13

𝑄
𝑉

(5)

(6)

𝐸 = λ (𝐶0 − 𝐶) 𝑉

When normalized by area of the potted moss surface area a flux (μg/h/m²) can be
calculated (Eq. 7)

𝚽=

(7)

𝐸
𝐴

DATA
Table 1 Mean emission rates and flux of moss (n = 4) with ± standard deviation
Emission rate
Isoprene
(µg/h)

Emission rate
Monoterpenes
(µg/h)

Emission flux
Isoprene
(µg/h/m²)

Emission flux
Monoterpenes
(µg/h)

A. californica

0.099 ± 0.41

0.0189 ± 0.005

9.68 ± 4.0

1.84 ± 0.50

D. cirrata

0.278 ± 0.15

0.0208 ± 0.008

27.09 ± 14.3

1.87 ± 1.15

P. juniperinum

6.74 ± 3.44

0.0221 ± 0.009

656.80 ± 335.0

2.53 ± 0.92

R. canescens

0.0810 ± 0.04

0.0197 ± 0.011

7.86 ± 4.36

0.60 ± 0.60

Species
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Table 2 Analysis of variance (ANOVA) in flux of isoprene*
Source of
Variation

Sum of
Squares

Degrees of
Freedom

Mean
Squares

F

Within

337401.76

12

28116.81

14.67

Between

1237044.08

3

412348.03

Total

1574445.84

15

*n = 16, k = 4, (F(3,12) = 14.67, p<0.05)

Table 3 Analysis of variance (ANOVA) in flux of monoterpenes*
Sum of
Squares

Degrees of
Freedom

Mean
Squares

F

Within

9.70

12

0.809

1.10

Between

2.68

3

0.893

Total

12.38

15

Source of
Variation

*n = 16, k = 4, (F(3,12) = 0.919, p<0.05)

15

Fig 3. Mean emission flux comparison across species with P. juniperinum (L) & three lower
emitting species A. californica, D. cirrata, and R. canescens (R).

Fig 4. Mean emission flux of isoprene and monoterpenes for four common mosses. Error bars
represent the standard deviation (SD) between replicates (n = 4). All numerical values can be
found in Table 1.

16

RESULTS
Each moss species with 4 replicates each was measured for 3 minutes each. The
mean concentrations per cycle (1 sec/1 cycle) for A. californica was 1.50 (µg/m³)
for isoprene and 0.283 (µg/m³) for monoterpenes, D. cirrata was 3.85 (µg/m³) for
isoprene and 0.271 (µg/m³) for monoterpenes , P. juniperinum was 92.0 (ug/m³) for
isoprene and 0.354 (µg/m³) for monoterpenes, and R. canescens was 1.23 (µg/m³)
for isoprene and 0.247 (µg/m³) for monoterpenes. Fluxes were determined by
normalizing emission rates by surface area of moss pot (0.000095033 m²). Flux
comparisons between species can be seen in Fig 3 and Fig 4, yet the overall trend
is similar. The most emissive species determined by the experiment was P.
juniperinum (expected positive control) followed by D. cirrata. R. canensens was
the least emissive species for isoprene. A one-way ANOVA was conducted to
compare variability of the fluxes of isoprene and monoterpenes between the four
species (Table 2 & 3). There was a significant difference in isoprene flux (µg/h/m²)
and no significant difference in the flux of monoterpenes between species at the
p < 0.05 level.

DISCUSSION
Mosses have been found to offer many ecological benefits as they play a
fundamental role in influencing local ecology such as
biosphere-atmosphere-hydrosphere communications, physiological and
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evolutionary dynamics, plant-microbe interactions and gametophyte
stress-physiology (AK et al., 2018; Anderson et al., 2010; Beraldi et al., 2019;
Hanson et al., 2009; Rosenstiel et al., 2012; Vicherová et al., 2020). They are also
responsible for providing many ecosystem services in urban environments but
the lack of VOC emissions data remains unavailable to air quality models (Lin et
al., 2009).
Emissions of isoprene from plants are considered in the low range when they are
below 1 (μg g/h/DW) (Baraldi et al., 2019). Results from recent studies show
isoprene emissions reported in vascular plants like Sedum spectabile with 0.17 ±
0.08 (μg g/DW/h); mean ± standard error (n = 3) showing a low emission from
(Baraldi et al., 2019). Unpublished data of mean isoprene emission from P.
juniperinum protonema (immature moss tissue) was observed at a wide range of
approximately 1000 to 10,000 (μg/h/m²) (n = 244) over multiple experiments and
treatments including the higher range emissions seen within the nitrogen
treatment group (Deakova, 2019). My experiments also show elevated isoprene
emission from P. juniperinum at a mean of 656.80 ± 335.0 (μg/h/m² ± SD) but from
mature gametophyte moss tissue. This shows that P. juniperinum isoprene
emission is similar to previous observed values, although differences in tissue
type and experimental method vary. My predictions for P. juniperinum to be the
highest emitter of isoprene was supported while it has similar monoterpene
emissions to the other species A. californica, D. cirrata, and R. canescens.
Comparison of these values suggests that R. canescens and S. spectabile are the
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lowest emitters, therefore, desirable species choices for green infrastructure.
The lack of available data needed to understand the effects of VOC emissions of
mosses is due in large part to the methodological and analytical challenges
associated with working with such small yet ubiquitous organisms. That said,
even the limited studies investigating VOC emissions from mosses so far have led
to significant insights across disciplines including but not limited to genetics,
physiology, ecology, and engineering.
Empirical measurements of new emission sources along with sophisticated
climate models can be used to explore these questions (Guenther et al., 2006).
Other lower- dimensional models such as the one-dimensional coupled
canopy-chemistry model (CACHE) and zero-dimensional box models can be
utilized for comparing simulation results (Bryan et al., 2012).
Their global influence on numerous global biogeochemical processes, including
nitrogen and carbon cycling, appear to be significant (Guenther et al., 2012;
Fehsenfeld et al., 1992). Many of the most widely used computational climate
models like Model of Emission of Gases and Aerosols from Nature (MEGAN) and
ENVI-met simulate potential climate conditions by using outputs generated by
complex meteorological and chemical transport/mechanism models like the
Weather Research and Forecasting model (WRF-chem), the Regional Atmospheric
Chemistry Model (RACM), and the Model of Ozone and Related Chemical Tracers
(MOZART), to name a few (Lin et al., 2019). Identifying new biotic sources of
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isoprene and monoterpenes can help us understand the ecological roles and
consequences of their emissions. Quantifying VOC emissions from mosses
informs an important missing piece of the broader body of knowledge about
biosphere-atmosphere interactions.

CONCLUSION
Isoprene functions as a reducing agent when it interacts with highly reactive
background NOx to which increases levels of ground level ozone and PM 2.5; thus
reducing air quality that has a major impact on public health. Moss on urban
green surfaces such as ecoroofs can contribute to isoprene fluxes. Common
mosses cover large surface areas and are suggested for installation on green
infrastructure for pollution mitigation yet this experimental measurement shows
fluxes of isoprene that were previously unknown.
The leading cause of death from environmental pollution is from poor air quality
so it is easy to understand the need to engineer spaces that provide an equitable
and accessible healthy living experience (Ghirardo et al. 2016; Hewitt et al., 2020).
In order to achieve such a goal, work must be done to identify sources and
quantify emissions of molecules that have the greatest impact on air quality.
Quantifying those unknown emissions of isoprene allows us to identify ways to
adjust our environment to lower those emissions (Hewitt et al., 2020).
New species-specific VOCs datasets like these can be incorporated into a variety
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of models to compare and contrast simulated outcomes of ecoroof coverage
scenario impacts on urban air quality to better align city planning with goals to
improve social, economic, and environmental health. Updated emissions source
values within computational models would help hone in on the divers of high
risk pollutants like ozone and PM 2.5 in urban areas. Considering the potential
for mosses to be effective as a low-cost bio-mitigation option for stormwater
management, it is even more pertinent that emissions also be characterized in
order to optimize their function by choosing appropriate species. Comparison of
isoprene emission values suggests that R. canescens and S. spectabile are the
lowest emitters which make them appropriate species choices for ecoroofs
intended to mitigate, and not further complicate, urban air pollution.
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